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METHODS OF REDUCING THE
ELECTRICAL AND THERMAL RESISTANCE
OF SIC SUBSTRATES AND DEVICE MADE
THEREBY

This application 1s a continuation of U.S. patent applica-

tion Ser. No. 15/722.,820, filed Oct. 2, 2017, which 1s a
continuation of U.S. patent application Ser. No. 15/057,055,
filed Feb. 29, 2016, now U.S. Pat. No. 9,780,206, which 1n
turn claims the benefit of U.S. Provisional Patent Applica-
tion Ser. No. 62/121,916, filed Feb. 27, 2015, the entirety of

cach of which 1s imncorporated herein by reference.

BACKGROUND OF THE INVENTION

The present invention generally relates to semiconductor
devices. More particularly, this mvention relates to silicon
carbide (51C) semiconductor power switching devices and
methods of making the same.

Silicon carbide (S1C) semiconductor power switching
devices such as Schottky diodes and MOS transistors (MOS-
FETs) are in commercial production at various companies
around the world, and are increasingly making their way nto
systems. Accordingly, there 1s an ongoing desire for methods
by which the performance of these devices may be improved
and their cost of manufacture reduced.

SUMMARY

Embodiments of the present invention provide an
improvement to the art by providing a design of a silicon
carbide power semiconductor device that employs a pattern
of pits and ohmic contacts within the pits to reduce the
specific on-resistance (or resistance-area product) of the
device.

A first embodiment 1s a power semiconductor device that
includes a silicon carbide substrate and a least a first region
or layer formed thereon. The silicon carbide substrate has a
pattern of pits formed thereon. The device further imncludes
an ohmic metal disposed at least 1n the pits to form low-
resistance ohmic contacts.

Examples of the first embodiment may 1nclude Schottky
diodes, D-MOSFETs, and IGBTs.

Another embodiment 1s a method of forming at least a part
ol a power semiconductor device that includes at least a first
layer formed above a first side of silicon carbide substrate.
The method also includes forming a pattern of pits on a
second side of the silicon carbide substrate. The method also
includes locating an ohmic metal at least within the pits to
define low-resistance ohmic contacts.

The presence of the pattern of pits and ohmic contacts
provides a reduced on resistance which improves the device
operation. Such features and advantages, as well as others,
will become readily apparent to those of ordinary skill in the
art by reference to the following detailed description and
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a graph showing the various components of the
specific on-resistance Ry o 0f state-of-the-art S1C power
DMOSFETs as a function of blocking voltage;

FI1G. 2 illustrates a representational bottom plan view of
a substrate that may be used 1mn a power semiconductor
device 1n accordance with at least one embodiment of the
invention.
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2

FIGS. 3a-3c¢ illustrate a process of generating a Schottky
diode 1n accordance with at least one embodiment of the

1nvention.

FIGS. 4a-4c¢ illustrate a process of generating a D-MOS-
FET device 1n accordance with at least one embodiment of
the 1invention.

FIGS. 5a-5¢ 1llustrate an alternative process of generating
a D-MOSFET device in accordance with at least one
embodiment of the invention.

FIG. 6 1llustrates an exemplary IGBT device 1n accor-
dance with at least one embodiment of the invention.

DETAILED DESCRIPTION

During investigations leading to the present invention,
performance limit studies of various silicon carbide (Si1C)
semiconductor power switching devices such as Schottky
diodes and MOS ftransistors (MOSFETs) suggested that the
performance ol such devices 1s limited by the electrical
resistance of the S1C substrate on which they are fabricated,
especially at blocking voltages below about 2,000 V. FI1G. 1
provides a graph representing the internal resistance com-
ponents of state-of-the-art S1C power DMOSFETs as a
function of blocking voltage. The specific on-resistance (or
resistance-area product) R, s» was tound to be the most
important measure ol device performance, since the device
cost scales as the square root of R s In other words, 1t
R onv.sp €an be reduced by a factor of four, the device cost
may be reduced by a factor of two while delivering the same
performance. FIG. 1 indicates that the substrate resistance
R, 1s the dominant resistance component at blocking
voltages below about 2,000 V.

S1C substrates are typically about 400 um thick with a
resistivity of about 18 to about 20 m £2 cm. The specific
substrate resistance R, - 1s given by the product of thick-
ness and resistivity. It 1s believed to not be possible to reduce
the resistivity below about 18 to about 20 m £2 cm because
of fundamental limitations of the material, so the only
solution 1s to reduce the thickness of the substrate. When
manufacturing DMOSFETs and similar devices, the sub-
strate can be thinned as the last step in the fabrication
process, but 1t 1s impractical to thin the substrate below
about 100 to about 150 um because of breakage during
saw-apart and packaging. Consequently, there 1s a need for
a way to reduce the substrate resistance below the value that
can be achieved by thinning to about 100 to about 150 um.

According to aspects of the present invention, S1C sub-
strate resistance may be reduced without reducing the
mechanical integrity of the substrate by etching pits or vias
at least partially, and preferably most of the way, through the
substrate 1n a regular pattern, and then filling the vias with
ohmic metal and processing to form low-resistance ohmic
contacts.

FIG. 2 shows a bottom plan view of an exemplary
substrate 200 that may form part of a device that includes a
region or layer in which a pattern 202 of pits or vias 204 are
formed. Between adjacent pits 1s a grid 206 of unetched
ridges 208 that provide mechanical strength while the inter-
vening vias 204 provide low-resistance electrical paths that
reduce the overall substrate resistance.

Suitable manufacturing processes would allow for about
100 to about 200 um vias to be etched 1n S1C substrates
using, for example, inductively-coupled plasma (ICP) reac-
tive-1on etching (RIE) 1n SF . and O,. Such processes would
not only reduce the electrical resistance of the substrate, but
the thermal resistance as well. S1C power devices dissipate
significant heat during operation, with power densities of
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about 150 to about 250 W/cm” being fairly typical. This heat
must be removed through the substrate to keep the surface
temperature below about 150 to about 200° C. for long term
reliable operatlon of the devices. The temperature rise across
the substrate 1s the product of the thermal resistivity times
the thickness. Processes as described above reduce the
cellective thickness, thereby reducing both electrical and
thermal resistance of the substrate.

FIGS. 3a-3c 1llustrate an exemplary method of fabricating
power semiconductor device in the form of a Schottky diode
300 that incorporates the pit structure of the invention. FIG.
3a 1illustrates a cutaway schematic view of an intermediate
structure 302 during fabrication, FIG. 356 shows a cutaway
schematic view of a further intermediate structure 302', and
FIG. 3¢ shows a cutaway schematic view of the final
structure of the exemplary Schottky diode 300.

Referring to FI1G. 3a, the mntermediate structure 302 has a
silicon carbide water 304 having a silicon carbide substrate
306 and a first layer 308 formed on a first or upper surface
316 thereof. The substrate 306 has a first doping type, for
example, n-type, at a first concentration, for example a
highly doped n+ layer. The first layer 308 has the first doping,
type (e.g. n-type) at a second, lower, concentration, for
example a low doped n- layer. A suitable barrier metal 310
1s disposed on the first layer 308 on a first surface 312 of the
silicon carbide water 304. The junction of the barrier metal
310 and the second layer 308 form a Schottky barrier 314.

In essence, the structure 302 of FIG. 3a includes all of the
structures of a conventional silicon carbide Schottky diode
except for the contact on the bottom or second surface 317.
The fabrication of the mtermediate structure 302 1s well
known and may be carried out mn any suitable manner.
Indeed, other wvariants of intermediate structures {for
Schottky devices including those 1n which a contact metal 1s
disposed on the barrier metal 310 may be employed.

After fabrication of the intermediate structure 302, a
pattern of pits 1s formed in the bottom surface 317 of the
substrate 306 to a depth most of the way through the
substrate 306. FIG. 3b shows the intermediate structure 302
which represents the intermediate structure 302 after the
pattern of pits 318 1s formed most of the way through the
first layer 306. The pattern of pits 318 may suitably have the
same pattern as the pattern 202 of FIG. 2. Sumilar to FIG. 2,
ridges 320 separate adjacent pits 318. The pits 318 1n this

[ 12

embodiment are formed by reactive 1on etching (“RIE”).
The pits 318 should extend at least 30% through the thick-
ness of the substrate 306. While the pits 318 should prefer-
ably extend over 90% through the thickness of the first layer
306, for very thin devices (substrate layer 306 of 100-200
um) the RIE process has a margin of error. To avoid
extending the pits into the second layer 308, a buller of
approximately 30% of the width of the region/layer 306,
which 1s the majority of the device 302!, 1s provided. As
processes improve, or 1f more accurate etching depths can be
achieved, the pits 318 can extend further.

After forming the pattern of pits 318, ohmic metal 1s
applied to the second surface 317. As shown 1n FIG. 3¢, the
final device 300 includes the ohmic metal contact layer 322
that covers the pits 318 and the rndges 320. The ohmic metal
contact layer 322 may suitably be processed by laser anneal-
ing. In this exemplary embodiment, the ohmic metal contact
layer 322 covers the walls 324 and tops 326 of the ridges
320, thereby forming an accessible contact on the tops 326
that 1s conductively connected to the mnermost region 328
of the pits 318.

It will be appreciated, however, that 1t 1s not necessary that
we have the ohmic contact 322 on walls 324 and tops 326
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of the ndges 320, but rather only on the innermost region
328 of the pits 318. In such other embodiments, another
highly-conductive connection would be formed between the
ohmic contacts 322 and the tops of the ndges. This highly-
conductive connection could be formed by a second depo-
sition of a conductive material that 1s 1n contact with the

ohmic metal 322 at the mnnermost region 328 of the pits 318.
This second material might be a metal, a conductive epoxy,
or any suitable material having high electrical and thermal
conductivity.

As a consequence, the electrically functional thickness of
the device 300 1s defined from the top of the barrier metal
310 to the mnermost regions 328 of the pits 318. This
provides for a relatively thin active device, while the walls
324 of the ridges 320 provide a mechanical strength of a
much thicker device.

FIGS. 4a-4¢ show an exemplary method of fabricating a
power semiconductor device 1n the form of a D-MOSFET
400 that incorporates the pit structure of the mmvention. FIG.
da 1llustrates a cutaway schematic view of an intermediate
structure 402 during fabrication, FIG. 45 shows a cutaway
schematic view of another intermediate structure 402', and
FIG. 4¢ shows a cutaway schematic view of the final
structure of the exemplary D-MOSFET 400.

Referring to FIG. 4a, the intermediate structure 402 has a
silicon carbide substrate 412 and a first region or layer 414.
The silicon carbide substrate region 412 has a first doping
concentration of a {first doping type, for example, an n+
doping. The first layer comprises a drift layer 414 formed
above a top surface 417 of the substrate region 412 and
having a lighter doping concentration of the first doping
type, for example, an n— doping. The mtermediate structure
402 also includes at least one source region 446, 448, at least
one base region 426, 428, a dielectric region 456, and a gate
contact 454.

The layout and fabrication of the intermediate structure
402 1s substantially the same as the DMOSFET device
shown i FIG. 1 of U.S. Patent Publication No. 2006/
0192256, which 1s 1incorporated herein by reference. How-
ever, 1t will be appreciated that corresponding elements of
other DMOSFET devices may be employed.

The at least one source region 446, 448 has the first
doping type, and 1s preferably heavily doped. In the embodi-
ment described herein where the first doping type 1s n-type,
the two source regions 446, 448 include n+ doped regions
formed near the first surface 413, above the driit layer 414.
The two source regions 446, 448 are spaced apart laterally.

Each of the base regions 426, 428 has the second doping
type and 1s disposed between a corresponding one of the
source regions 446, 448 and the drift layer 414. The base
regions 426, 428 1n this embodiment are p+ regions, some-
times referred to as p-wells. As 1s known 1n the art, the base
region 426 1s disposed under the source region 446 and also
has a portion that extends to the first surface 413 1n the space
between the source regions 446, 448. Likewise, the base
region 428 1s disposed under the source region 448 and also
has a portion extends to the first surface 413 1n the space
between the source regions 446, 448.

The dielectric region 456 1s formed above the drift layer;
and extends laterally at least over the portions of the base
regions/p-wells 426, 428 that extend to the first surface 413.
The gate contact 454 1s a conductive layer or structure
formed above dielectric region 456 and above at least a
portion of the base regions 426, 428. As 1s known 1n the art,
the gate contact 454 may also extend laterally at least
slightly over each of the source regions 446, 448.
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In accordance with the exemplary embodiment described
herein the intermediate structure 402 (and final device 400)
also 1ncludes a current spreading layer 420 having a doping
of the first type (e.g. n-type) having a concentration that 1s
greater than the doping concentration of the drift layer 414
and less than the doping concentration than the substrate
layer 412 and the source regions 446, 448. The current
spreading layer 420 1s disposed immediately above the drift
layer 414 and below (and abutting) the base regions 426 and
428. The structure 402 also includes a JFET region 430
between the base regions (p-wells) 426, 428 and underneath
the gate contact 454. The JFET region 430 has the first
doping type. The details of the structure and operation of the
current spreading layer 420 and JFET region 430 are
described 1 U.S. Patent Publication No. 2006/0192256. It
will be appreciated, however, that other DMOSFET struc-
tures would not require such a current spreading layer 420.

In essence, the structure 402 can have all of the structures
of a vertical silicon carbide DMOSFET except for the
contact on the second surface 415. The fabrication of the
intermediate structure 402 1s well known and may be carried
out as described i U.S. Patent Publication No. 2006/
0192256.

After fabrication of the intermediate structure 402, a
pattern of pits 1s formed 1n the second surface 415 to a depth
most of the way through the first layer 412. FIG. 4b shows
the intermediate structure 402' which represents the inter-
mediate structure 402 after the pattern of pits 460 1s formed
most of the way through the first layer 412. The pattern of
pits 460 may suitably have the same pattern as the pattern
202 of FIG. 2. Stmilar to FIG. 2, walls or ridges 462 separate
adjacent pits 460. The pits 460 in this embodiment may
suitably be formed by reactive 1on etching (“RIE”), similar
to the method described above 1n connection with FIG. 2.
The pits 460 should extend at least 30% through the thick-
ness of the first layer 412.

After forming the pattern of pits 460, the ohmic metal 1s
applied to the second surface 415 with the pits 460. As
shown 1n FIG. 4c¢, the final device 400 includes the ohmic
metal contact layer 464 that covers the pits 460 and the
ridges 462. The ohmic metal contact layer 464 1s formed
processed by laser annealing methods. The ohmic metal
contact layer 464 1n this embodiment covers the walls 466
and tops 468 of the ndges 462, thereby forming an acces-
sible contact on the tops 468 that 1s conductively connected
to the mnermost region 470 of the pits 460. However, as
discussed above, 1n other embodiments, the metal contact
layer 464 may only cover the innermost region 470 of the
pits 460 (and 1n some cases the tops 468 as well). Another
conductive material may be applied in the pits 460 as
discussed above.

As a consequence, the electrically functional thickness of
the device 400 1s defined from the gate contact 454 to the
innermost regions 470 of the pits 460. This provides for a
very thin active portion of the device, while the walls 466 of
the ridges 462 provide a mechanical strength of a much
thicker device. It will further be appreciated that the advan-
tages of the pits 460 and metal contact layer 464 may be
realized in D-MOSFETs having different structures, such as
those that do not necessarily include a current spreading
layer 420, or those that include additional elements.

In an alternative embodiment, the D-MOSFET similar to
that of FIG. 4c may be developed using a substrate that
includes buried etch stop layers to allow the pits to extend
substantially all of the way through the substrate layer 412.
In particular, FIG. 5a shows an intermediate structure 502a
which has the same elements as the intermediate structure
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402 of FIG. 4a, but which also includes a buried etch stop
layer 504 of the second doping type, for example a p+ doped
ctch stop layer. The etch stop layer 504 may suitably be 1 or
2 um and 1s disposed immediately above and adjacent to the
substrate layer 412. The intermediate structure 502a further
includes a second etch stop layer 506 which 1s over the first
doping type, and preferably at a doping concentration that 1s
higher than that of the drift layer 414. The second etch stop
layer 506 may suitable be an n+ type layer in the example
described herein. The second etch stop layer 506 may also
suitably be 1 or 2 um.

To prepare the pits 1n the embodiment of FIGS. 5a-5¢, the
pits are etched most of the way through the substrate layer
412 using RIE, similar to that used i1n the embodiments of
FIGS. 2, 3 and 4a-4c. FIG. 56 shows an intermediate
structure 3025 having the pits 5310 etched partially through,
similar to those shown 1n FIG. 4b. After the RIE step, the
remainder of the substrate layer 414 1n the pits 510 1s etched
using photo-electrochemical etching through to the p+ etch
stop layer 504. The result of this step i1s the intermediate
structure 502¢ shown in FIG. 5¢. The pits 510" extend all of
the way to the p+ etch stop layer 504.

Thereatter, the p+ etch stop layer 504 at the innermost part
512 of the pits 510" 1s etched away using electrochemical
etching processes. The result of this step 1s that the pits 510
extend all the way to the second etch stop layer 506. The
result 1s the intermediate device 5024 shown 1n FIG. 5d.
Thereatter, the contact metal layer 464 1s applied (e.g. by
laser annealing) as described above, producing a final struc-
ture 500 as shown 1n FIG. 5e. In this embodiment, 1t can be
seen that the pits 510" extend almost all of the way through
the substrate layer 412. This provides an even more favor-
able on-resistance characteristic and eliminates processing
variations due to non-uniformity in the thickness of the
original substrate 412 and/or poor control of the RIE step
that forms the structure of FIG. 5b.

In view of the above, 1t can be seen that a significant
advantage of this invention 1s that resistance of SiC sub-
strates may be reduced below the value that can be achieved
by conventional thinming techmques, resulting in more efli-
cient and lower cost S1C substrate-based devices. Although
the 1nvention has been described in terms of SiC substrates,
it 1s foreseeable that aspects of the present invention may be
similarly applicable to substrates formed of other materials.

In yet another embodiment, an insulated gate bipolar
transistor (IGBT) having the pitted silicon carbide substrate
can be realized 1n a variant of the process of FIGS. 5a-5¢. In
particular, instead of etching the p+ etch stop layer 504, the
metal contact 464 1s formed over the pits 510' of FIG. 3¢,
including portions of the p+ etch stop layer 504 exposed
within the pits 510'. The etch stop layer 504 1n this embodi-
ment forms a bufler layer of the IGBT. Such a process
produces the final IGBT structure 600 shown 1n FIG. 6.

While the invention has been described in terms of
specific embodiments, 1t 1s apparent that other forms could
be adopted by one skilled 1n the art. For example, the etched
pattern on the substrate could differ 1n appearance and
construction from the embodiment shown in the Figures,
and appropriate materials could be substituted for those
noted. Moreover, 1t will be appreciated that the device
fabrications methods illustrated 1n FIGS. 3a-3¢, 4a-4¢, and
Sa-5e, the formation of the pits need not occur after the other
parts of the device are completed. For example, the pits 318
may be formed 1n the substrate 306 of FIG. 3a belfore one or
more of the layer 308 or barrier metal layer 310. In another
example, the pits 460 of FIGS. 45 may be formed at various
times before the completion of the intermediate structure
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402 shown 1in FIG. 4a. Moreover, the ohmic contacts 1n the
various embodiments need not be formed immediately after
the formation of the pits. For example, 1t 1s possible that
some of the elements of the structure 402 of FIG. 4a are
generated after formation of the pits 460, but before the
formation of the ohmic metal layer 464. Accordingly, 1t
should be understood that the invention 1s not limited to the
specific embodiments 1llustrated in the Figures. It should
also be understood that the phraseology and terminology
employed above are for the purpose of disclosing the
illustrated embodiments, and do not necessarily serve as
limitations to the scope of the mvention. Finally, while the
appended claims recite certain aspects believed to be asso-
ciated with the mvention, they do not necessarily serve as
limitations to the scope of the invention.

The 1nvention claimed 1s:

1. A power semiconductor device comprising:

a silicon carbide substrate having a first doping type at a
first doping concentration, the silicon carbide substrate
having a pattern of pits formed thereon;

at least a first layer formed above the substrate, the first
layer having the first doping type at a second doping
concentration that 1s less than the first doping concen-
tration;

a stop layer formed at least in part laterally between pits,
the stop layer having a second doping type; and

an ohmic metal disposed at least in the pits to form
low-resistance ohmic contacts, wherein the ohmic
metal contacts at least portions of the stop layer.

2. The power semiconductor device of claim 1, wherein

the pits are formed 1n a grid pattern.

3. The power semiconductor device of claim 1, further
comprising;

a barrier metal disposed on the first layer.

4. The power semiconductor device of claim 1, wherein
the stop layer extends between laterally adjacent to and 1s
interrupted by the pits.

5. The power semiconductor device of claim 4, wherein
the stop layer extends laterally between side walls of the pits
at a vertical position of the side walls closest to the first
layer.

6. The power semiconductor device of claim 1, wherein
the stop layer extends vertically adjacent to and laterally
aligned with the paits.

7. The power semiconductor device of claim 6, wherein
the stop layer 1s interposed between the pits and a further
layer having the first doping type at the first doping con-
centration.

8. The power semiconductor device of claim 1, wherein
the first layer comprises a driit layer, and further comprising;:

at least one source region of the first doping type formed
above the dnit layer;

at least one base region of the second doping type between
the at least one source region and the drift layer

a dielectric region formed above the drift layer; and

a gate contact formed above dielectric region and above
at least a portion of the at least one base region.
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9. The power semiconductor device of claim 8, further
comprising a second stop layer disposed vertically between
the stop layer and the dnit layer.

10. The power semiconductor device of claim 8, further
comprising:

a current spreading layer disposed at least 1n part between
the drift layer and the at least one base region, the
current spreading layer having a third doping concen-
tration of the first doping type, the third doping con-
centration greater than the second doping concentra-
tion.

11. A power semiconductor device comprising:

a silicon carbide substrate and having at least a first layer
or region formed above the substrate, the silicon car-
bide substrate having a pattern of pits formed thereon,

a stop layer disposed between the pits having a doping
type different from that of the substrate;

an ohmic metal disposed at least in the pits to form
low-resistance ohmic contacts, the ohmic metal con-
tacting at least a part of the stop layer; and

a grid of unetched ridges between the pits, the grnid of
unetched ridges configured to provide mechanical
strength to the power semiconductor device.

12. The power semiconductor device of claim 11, wherein
the substrate has a first doping type at a first concentration,
and the first layer or region has the first doping type at a
second concentration, the second concentration less than the
first concentration, and the stop layer has a second doping

type.

13. The power semiconductor device of claim 12, further
comprising a barrier metal disposed on the first layer.

14. The power semiconductor device of claim 11, wherein
the stop layer extends between laterally adjacent to and 1s
interrupted by the pits.

15. The power semiconductor device of claim 14, wherein
the stop layer extends laterally between side walls of the pits
at a vertical position of the side walls closest to the first
layer.

16. The power semiconductor device of claim 11, wherein
the stop layer also extends vertically adjacent to and laterally
aligned with the paits.

17. The power semiconductor device of claim 16, wherein
the stop layer 1s interposed between the pits and a further
layer having the first doping type at the first doping con-
centration.

18. The power semiconductor device of claim 11, wherein
the first layer comprises a driit layer, and further comprising;:

at least one source region of the first doping type formed

above the dnft layer;

at least one base region of the second doping type between

the at least one source region and the drift layer

a dielectric region formed above the drift layer; and

a gate contact formed above dielectric region and above

at least a portion of the at least one base region.
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